Abstract: Uncorrected refractive errors are the single largest cause of visual impairment globally. Refractive errors are an avoidable cause of visual impairment that are easily correctable. Provision of spectacles is a cost-effective measure. Unfortunately, this simple solution becomes a public health challenge in low-and middle-income countries because of the paucity of human resources for refraction and optical services, lack of access to refraction services in rural areas, and the cost of spectacles. Low-cost approaches to provide affordable glasses in developing countries are critical. A number of approaches has been tried to surmount the challenge, including ready-made spectacles, the use of focometers and self-adjustable glasses, among other modalities. Recently, self-adjustable spectacles have been validated in studies in both children and adults in developed and developing countries. A high degree of agreement between self-adjustable spectacles and cycloplegic subjective refraction has been reported. Self-refraction has also been found to be less prone to accommodative inaccuracy compared with non-cycloplegic autorefraction. The benefits of self-adjusted spectacles include: the potential for correction of both distance and near vision, applicability for all ages, the empowerment of lay workers, the increased participation of clients, augmented awareness of the mechanism of refraction, reduced costs of optical and refraction units in low-resource settings, and a relative reduction in costs for refraction services. Concerns requiring attention include a need for the improved cosmetic appearance of the currently available self-adjustable spectacles, an increased range of correction (currently -6 to +6 diopters), compliance with international standards, quality and affordability, and the likely impact on health systems. Self-adjustable spectacles show poor agreement with conventional refraction methods for high myopia and are unable to correct astigmatism. A limitation of the fluid-filled adjustable spectacles (AdSpecs, Adaptive Eyecare Ltd, Oxford, UK) is that once the spectacles are self-adjusted and the power fixed, they become unalterable, just like conventional spectacles. Therefore, they will need to be changed as refractive power changes over time. Current costs of adjustable spectacles are high in developing countries and therefore not affordable to a large segment of the population. Self-adjustable spectacles have potential for "upscaling" if some of the concerns raised are addressed satisfactorily.
Introduction
The World Health Organization estimated that 153 million people were visually impaired due to refractive errors in 2004. 1 The major causes of visual impairment are uncorrected refractive errors (UREs; 43%) and cataract (33%). 2 Studies have also observed that globally nearly 3,000 million people have some degree of refractive error, of whom 703 million suffer from UREs either for distance or near vision. 3 Some projections have estimated the global presbyopia burden to be as high as 1.04 billion and that
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Murthy Gudlavalleti et al 517 million of these had no available correction (ie, they did not have appropriate spectacles). 4 Additionally, Fricke et al estimated that as at 2007, the loss in global gross domestic product due to UREs was around US$202,000 million annually, while the cost of providing refraction services globally was US$20,000 million. 3 Refractive errors accounted for 26.5% of healthy years of life lost due to disability over the period 1990-2010. 5 UREs have been shown to be the single largest contributor to the global burden of eye diseases. 6 It has also been documented that UREs have an adverse impact on the quality of life of individuals in all parts of the globe. 7 The impact of UREs is bi-dimensional, as poverty affects affordability and correction, while at the same time, the lack of correction of refractive errors can affect working capacity and productivity and therefore result in poverty. 8 The impact of vision impairment due to UREs affects all levels of society. At the individual level, UREs can affect a person's educational attainment, employment, independent living, and quality of life. For example, among children, the leading and most easily remedied cause of poor vision is refractive errors. 9 If uncorrected, refractive errors can greatly affect children's future because poor vision is a major barrier to achieving a sustainable, educationally healthy, school environment in many regions of the world. 9 Thus, UREs pose a significant barrier to Education for All and to the attainment of the Millennium Development Goals. 10, 11 Recent evidence also shows that productivity and functionality among adults with myopia can also be improved if adequate correction is provided, improving participation in activities of daily living and visual functioning. 12, 13 Barriers to the correction of refractive errors in low-and middleincome countries Studies show that more than 90% of the burden of eye disease occurs in low-and middle-income countries. 6 These are also the countries in which access to refraction services and the availability of spectacles are poor. Even though the majority of refractive errors is easily treatable, they remain an unresolved public health problem due to the lack of skilled human resources, the cost of spectacles, and logistics issues in the supply chain for providing spectacles to those populations that need them. In low-and middle-income countries, one of the major challenges is the paucity of skilled human resources for refraction testing and treating. 14, 15 The lack of trained ophthalmic support personnel such as assistants and technicians in developing countries has increased the workload of highly skilled ophthalmologists. 14 The limited availability of appropriate spectacle correction is also another challenge in redressing the existing situation in most low-and middle-income countries. 16 Cost is a major barrier to the universal availability of spectacles. Studies have shown that willingness to pay for spectacles is low, as was observed in East Timor, where nearly half the people were not willing to pay more than US$1 for a pair of spectacles. 17 Cost of spectacles and affordability have been highlighted as important barriers to spectacle use in India, 18 Zanzibar, 19 the People's Republic of China, 20 and in many other countries.
All these factors lead to low spectacle coverage rateswhich refers to the proportion of people wearing spectacles as the denominator of people needing spectacles computed from population-based surveys -as has been observed in many studies in low-and middle-income countries. For instance, in Andhra Pradesh, India, the spectacle coverage rate was found to be 29%, 21 while it was found to be 15.1% in Pakistan, 22 25.2% in Bangladesh, 23 and 3.4% in Nigeria. 24 It is critical that cost-effective strategies be developed to provide spectacles in low-and middle-income countries. In countries where the availability of human resources and cost of spectacles are of concern, any strategy that can address these barriers could go a long way toward improving refraction services and spectacle use.
Strategies for reducing the cost of spectacle delivery
The cost of spectacles is partly driven by the need for customizing lenses based on differing spherical and cylindrical powers in each eye. 25 This entails higher costs, as human resources and equipment for cutting and fitting are required. Various methods have been tried to reduce costs. One of the commonest is the use of ready-made spectacles (RSMs). RSMs reduce costs as they are produced in bulk with the same refractive power in both eyes, common frames, and limited diopter steps. 25 A number of studies have documented findings on the use of RSMs in India, 26 Australia, 27 and the People's Republic of China. 28 In the People's Republic of China, where RSMs were compared with customized spectacles in school children, though RSMs achieved poorer visual acuity, the acceptance rates were similar. 28 The study in Australia, which considered adult populations, concluded that 20% of the need for spectacles could be easily met by RSMs, 27 but the remaining 80% of need would have to be met by customized spectacles, which would require specialist human resources. However, the study from India observed that the need for customized spectacles was not as high as 
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Self-adjustable glasses in the developing world that reported in the Australian study. 26 These findings suggest that RSMs may be a solution to the issue but will usually need the backup support of refraction services.
Another approach that has been experimented with is the "focometer", 16, 29, 30 which is a monocular, self-adjustable telescopic refractive device that allows an individual's refractive power to be read off a linear diopter scale. Subjects rotate the focometer until the best focus is obtained. This is then used to prescribe the required power for the spectacles. 30 However, the focometer can only measure refractive error and cannot replace optical dispensing, unlike RSMs.
A promising alternative approach is self-adjusting spectacles, discussed in detail following.
Self-adjustable spectacles
It has been claimed that self-adjustable spectacles offer promise as a novel approach to vision correction in regions where there is a paucity of trained personnel. 9, 31 Compared with the focometer, self-adjustable spectacles not only allow the user to adjust the power of each lens independently to achieve client satisfaction, but a pair can also worn as a corrective device. 9, 31 This self-refraction technique is a potential solution to the shortfall of eye-care professionals in developing countries, as it enables an individual to self-adjust the lens power to arrive at an adequate level of vision. These novel self-refracting spectacles have been shown to achieve good vision both in adults 16, 31 and children.
9,32
The variable-focus lens spectacles exist in two categories, one employing fluid-filled lenses wherein fluid is injected or removed into a bladder-like sac to change the power of the lens system (AdSpecs; Adaptive Eyecare Ltd, Oxford, UK), while the other uses Alvarez optics, employing two lens systems that move relative to each other in a spectacle frame, causing changes in lens power. 33 In recent years, there has been interest in using Alvarez' lenses as adjustable-focus spectacle lenses in developing countries. 33 "Universal spectacles" (U-Specs; [VU University Medical Centre, Amsterdam, the Netherlands) are based on the Alvarez principle to achieve the desired refractive power and are adjustable using a simple tool, 34 while the adjustable fluidfilled lenses in the self-refracting spectacles (AdSpecs) allow power of the lenses to be changed to correspond to spherical equivalent (SE). 16, 31 With AdSpecs, the fluid-filled lenses consist of two membranes, 23 µm thick, sealed at a circular perimeter of diameter 42 mm and secured by a frame. 31, 32 The front face of each deformable lens is protected by a rigid plastic cover, and the optical power of the lens is determined by the curvature of its surfaces, which is controlled by varying the volume of the liquid in the lens. 31, 32 Two user-controlled pumps, marked with a scale in diopters and capable of withdrawing or returning fluid to the two lens chambers independently, are attached to the sides of the spectacle frames. 31, 32 The lens is sealed and the adjustment mechanism removed after the desired power is obtained. 31, 32 Due to this procedure, it is essential that a trained facilitator, if not an optometrist or ophthalmologist, is present to guide the process in low-and middle-income countries, as these countries are usually characterized by low levels of literacy.
U-Specs consist of two lenses that slide over each other to achieve the desired refractive power. Thus, there is no need for fluid to be used in the spectacles. 34 A dial on the spectacles can be adjusted to provide refractive correction in the range of -6 to +3 diopters (D).
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validation of self-adjustable spectacles in school-aged children Different types of self-adjustable spectacles have been validated in studies both in the developed and developing world (Table 1) . Self-adjustable spectacles (liquid filled) have been tried in school-aged children in the USA 36 and the People's Republic of China, 9, 32 and in older populations in the USA, 16 South Africa, 31, 37 Ghana, 31, 37 Malawi, 31 Nepal, 31 and Nicaragua. 16 Cycloplegic refraction was considered the gold standard in the studies in the USA 36 and the People's Republic of China. 9, 32 It was observed that nearly 92% of the children in Boston, USA; 36 85% in Guangzhou, People's Republic of China; 9 and nearly 97% in Chaoshan, People's Republic of China, 32 were able to attain a vision of 6.0/7.5. Agreement between self-adjustment and subjective cycloplegic refraction was very good in all these studies. The US study 36 showed that the type of refractive error affected agreement, as there was no agreement in children with any degree of astigmatism. Agreement was found to be poorer in the presence of high myopia/hyperopia or in the presence of astigmatism in Chaoshan, People's Republic of China. 9 Similar findings were also observed in Guangzhou, People's Republic of China. 32 Comparison of cycloplegic subjective refraction with selfrefraction in Chaoshan, People's Republic of China, showed that there was no significant difference between subjective refraction and self-refraction (P=0.256), with a median value of 0.00 D and 95% of values between -0.750 and 0.875. 9 In Guangzhou, People's Republic of China, the difference between cycloplegic subjective refraction and self-refraction again did not differ significantly (P=0.33; -0.009 D). 
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In both studies from the People's Republic of China, the mean difference between cycloplegic subjective refraction and noncycloplegic autorefraction was significant. 9,32 It was therefore concluded that self-refraction was less prone to accommodative inaccuracy than non-cycloplegic autorefraction.
A recent randomized controlled trial of RSMs compared with customized spectacles observed that among school children at 1-month follow-up, there were no differences between the two groups for simple myopic correction. 36 Both RSMs and self-adjustable spectacles can be useful in countries/regions in which trained human resources for eye care are scarce. They therefore offer an alternative approach to the provision of affordable glasses. Since self-adjustable spectacles need clients to actively maneuver the attachments on the frame to select the best vision, there may be a better sense of ownership, which may improve compliance and continued usage of the spectacles.
validation of self-adjustable spectacles in adults
Compared with the large community interventions that have approached the use of liquid-filled self-adjustable spectacles in children, very few studies have looked at older populations and those that have mostly involved small numbers of participants in office/clinic settings. A total of 213 persons aged 18-60 years were recruited to a study in Ghana, Nepal, Malawi, and South Africa. 31 Another study, which included 50 subjects from Boston, USA (mean age 24.3±1.5 years) and 50 from Nicaragua (mean age 40.0±13.7 years), compared adjustable spectacles (AdSpecs) and a focometer with subjective refraction. 16 Subjects were only recruited if they had no obvious or known ocular pathology and/or amblyopia. In Nicaragua, subjects were recruited from those attending an eye clinic, while in the USA, subjects were invited to participate by email sent to a student body. In the USA, 22 subjects also had a repeat measurement with the AdSpecs at a later date. 16 Participants' SE and best-corrected visual acuity were determined during the study, and subjective refraction for the comparison was measured by a trained optometrist. The measurements were performed in a random fashion to eliminate bias. The measurements for the alternate methods were performed by a layperson.
It was observed that, on the average, the measure of refractive error with self-adjustable spectacles was not significantly different from that of subjective refraction, but in Boston there was a significant difference between the measurement of refractive error made with the focometer and that of subjective refraction. 16 In Boston, it was also observed that the difference between the SE measured by the adjustable spectacles and focometer compared with subjective refraction became larger as the degree of myopia increased. The adjustable spectacles overestimated myopia compared with subjective refraction, especially among those with a higher degree of myopia. The authors concluded that in approximately 5% of the high-myope population, selfassessment of refractive error with adjustable spectacles would differ from measurements obtained by subjective refraction by at least 1.7 D. 16 In Nicaragua, where there were few myopes, the differences between adjustable spectacles and subjective refraction increased when the degree of hyperopia was high. 16 In this Nicaraguan population, 88% of the adjustable-spectacle readings were within 1 D of the corresponding measurement obtained by subjective refraction. 16 In the Boston arm, 88% of subjects with adjustable spectacles, compared with 98% measured by subjective refraction, were able to achieve a vision of 6/6. In Nicaragua, the corresponding proportions were 78% for subjective refraction and 66% for adjustable spectacles. 16 Repeat measurements with adjustable spectacles showed that 91% of repeat measurements were within 1 D of the first measurement, showing that repeatability accuracy is high with adjustable spectacles. 16 AdSpecs are now being used in country programs in Ghana 14 and Rwanda. 38 Over 30,000 pairs of these spectacles have been reported to have been distributed in Ghana in collaboration with the Ghanaian Ministry of Education. It has been reported after an initial evaluation that 70% of people have corrected their vision at least as well as, if not better than, an optometrist.
14 In Rwanda, it has been reported that nurses are being trained to do vision assessments and vision correction using adjustable spectacles to redress the shortage of optometrists in the country. 38 A randomized controlled user trial of U-Specs was recently undertaken at three locations in India. 34 A total of 195 participants were enrolled at three centers and U-Specs were compared with conventional spectacles. It was observed that the visual improvement parameters were similar between the groups. 34 
Benefits of self-adjustable spectacles
The available evidence from the few studies conducted with self-adjustable spectacles shows that this novel approach has some potential benefits, especially in poorly resourced settings. Some of the reported benefits are discussed following. 
410
Murthy Gudlavalleti et al First, self-adjustable spectacles can be used to correct both distance and near vision problems. 34 The spectacles have been validated for use for distance vision among adults in the USA and Nicaragua, 16 Ghana, Malawi, Nepal, and India, 31 and among children in the People's Republic of China. 9, 32 Only one study in Ghana looked at the benefit of adjustable spectacles for near vision, although this study only had a small group of 16 participants aged 40+ years. 37 The study found that 6/6 vision was achieved by eleven of the 16 participants (78.6%) with self-adjustable silicone liquid-filled spectacles. 37 Self-adjustable refraction also brings in the element of client participation, and this may result in better compliance rates than what has been generally reported. This may also help in increasing awareness of how refractive errors are caused and how they can be corrected.
Another benefit of self-adjustable spectacles is that they can be used by clients of all ages -children as well as adults, as has been demonstrated by studies with adults in the USA and Nicaragua; 16 Ghana, Malawi, Nepal, and India; 31 and among children in the People's Republic of China. 9, 32 Further, empowering lay workers or nurses with skills to monitor self-adjustment will reduce the workload of eyecare providers in low-and middle-income countries, many of which are grappling with a human-resource crunch in eye care. The technology can also be used as a screening protocol for refractive errors and be embedded in eye-care programs.
It has been stated that self-adjustable spectacles can reduce the costs involved in delivering refraction services by curtailing expenditure for human resources and for developing the infrastructure for optical units for cutting and grinding. 31 This needs more scrutiny, as trained human resources and infrastructure will be needed for both cylindrical correction and high myopia, which have been flagged by many studies as areas of concern with regard to poor results with self-adjustable spectacles. 9, 16, 28, 32 Another potential advantage reported is that the power of some self-adjustable lenses can be modified, which can be helpful in addressing the problem of outdated and inaccurate spectacles. This is a problem in many developing countries where people continue to use broken/damaged/inaccurate spectacles because they cannot afford replacements and/or they have poor access to refraction services. 31 Very little specialized equipment is needed for the fitting of self-adjustable spectacles, therefore the technology can reduce costs. Among the currently available self-adjustable spectacles, only those using Alvarez optics (U-Specs) allow for the refractive power to be continually changed based on visual need, so it may be possible to use these for distance, intermediate, and near correction at the same time.
An alternative approach that combines self-adjustable spectacles as the diagnostic element of a refraction service coupled with provision of an array of RMSs for dispensing has been mooted by some professionals. 39 This interesting approach may be feasible for adoption in rural and remote areas in some countries but would need to be closely supervised by trained refraction service managers.
Concerns regarding self-adjustable spectacles
There are also a number of concerns about self-adjustable spectacles, some of which are considered following.
First, compliance with spectacles is dependent both on cost as well as the cosmetic appearance of the glasses. Peer pressure and "teasing" are barriers to spectacle wear in developing countries that are commonly expressed. [40] [41] [42] The acceptability of the glasses by the community in terms of the cosmetic appearance of self-adjustable spectacles has not yet been studied. 32, 39 It is therefore important to obtain and apply evidence on this, as this will have a long-term impact on the sustainability of the approach.
Further, studies have shown that children with greater levels of spherical and cylindrical refractive errors are at risk of inaccurate self-refraction. In the case of high-level spherical refractive errors, inaccurate self-refraction can occur because self-adjustable spectacles are incapable of correcting astigmatism, while with high-level cylindrical refractive errors, this can occur because the range of correction with this device is limited to -6 to +6 D. 9, 32 Recently, a study has reported successful results for all types of refractive errors including astigmatism with "Smart Glasses" (S-Glasses; [Treacy MP, Dublin, Ireland] ), which are a set of preformed lenses that fit frames with standardized apertures supported by an autorefractometer operated by a nonspecialist health worker. 43 Due to the availability of such alternatives, self-adjustable spectacle technology needs to be improved to meet the needs of a wide range of refractive errors if the load on existing eye-care systems is to be reduced.
Another concern about self-adjustable spectacles is that their cost is relatively high for most low-and middleincome countries. It is likely that the principle of economies of scale may reduce costs significantly in the future, but, at present, the spectacles may not be affordable to most poor communities. Cost-effectiveness analysis would need to compare the costs of the spectacles and the logistics 
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Self-adjustable glasses in the developing world (including human resources) of the self-adjustable spectacles with other alternative approaches including conventional refraction and optical systems, RSMs, and other alternatives like focometers, against a common parameter of effectiveness -like level of vision correction and comfort in the short term, and spectacle utilization and adverse effects, if any, in the long term. If policy makers are to be convinced, the cost-effectiveness ratios will have to be very high compared with conventional methods.
The safety and long-term accuracy of self-adjustable spectacles have not been studied in any of the studies, to date, and one study highlights this concern.
32 If the spectacles are to be used more widely, evidence to support the safety and long-term accuracy is a must.
In addition, the long-term acceptability of self-adjustable spectacles needs to be studied, as compliance rates/ spectacleusage rates are known to diminish over time, once the novelty wears off. A study in Thailand reported that spectacle utilization rates with RSMs were significantly higher at 6 months following provision than at 12 months after provision. 44 Adolescents and young adults are conscious of how they look and how their peer group reacts to them; therefore, before self-adjustable spectacles are advocated, studies on acceptance of the product by its potential clients are essential.
If adjustable spectacles are to help reduce the global burden of UREs, they need to meet International Organization for Standardization (ISO) standards and be comparable to conventional RSMs and custom-made spectacles in terms of affordability, quality, and deliverability through an eye examination conducted by a trained person. 45 The International Agency for the Prevention of Blindness has stated that affordability and quality benchmarks are more likely to be achieved by the Alvarez lens system in the future. 45 The International Agency for the Prevention of Blindness is also of the opinion that adjustable spectacles have no role in the provision of refractive care to children due to their inability to control accommodation, so this is another concern with these glasses. 45 Another concern is that although it has been stated that self-adjustable spectacles are useful in regions/countries in which there is a paucity of eye-care human resources, it is possible that governments/policy makers may use this argument to say that training programs or the creation of cadres for refraction or eye care are not necessary and therefore withhold funding for developing the requisite human resources and infrastructures for eye care. This would undermine the philosophy of the global initiative VISION 2020: The Right to Sight, 45 which envisaged that countries would invest resources in developing human resources and infrastructure for eye care.
Finally, all the studies conducted with self-adjustable glasses have only reported outcomes based on visual acuity. It is also important to evaluate other parameters like contrast sensitivity, stereopsis, and glare, since self-adjustable glasses are thick, so additional research is required in these areas.
Future scope for self-refraction
Self-adjustable spectacles have the capacity to redress the need for refraction and optical services in countries that are challenged with inadequate human resources for refraction. Though they are more affordable than conventional spectacles, the costs are still high for many low-and middleincome countries. Design aspects also need to be considered and efforts should be made to improve the cosmetic appearance to attract clients, especially young adults and children. Studies have shown that self-adjustable spectacles have the dual benefit of being used both as a refraction technique as well as a prescription, 16, 32 unlike focometers and off-the-shelf RSMs, which serve only a unitary purpose.
The currently available adjustable spectacles have a limited range of power (-6 to +6 D), 9 and innovation is needed to enhance this range using the principle of self-adjustment. This is critically important, as it has been demonstrated in the studies undertaken to date that agreement with subjective refraction is poorer both for high myopia and high hyperopia. Improvement is also needed to correct astigmatism to make self-adjustable lenses an acceptable comprehensive product in the future.
It is essential that refraction services be considered as part of a comprehensive eye-care system. This means that capacity has to be built in the country/region to recognize eye problems and refer individuals to eye specialists when spectacles do not help improve vision. Such screening, case-detection, and management programs will need trained human resources. Moreover, there should be a system in place to tackle the potential complications associated with spectacles. 45 Considering all aspects, the best option, at present, would be to integrate self-adjustable spectacles of proven credentials into the eye-/health-care system of a country/ region so that the service is supported by an appropriate referral mechanism for other eye problems needing the attention of skilled eye-care professionals.
Disclosure

